p68 RNA helicase has been implicated in a variety of processes, including rearrangement of RNA secondary structures, RNA splicing, gene transcription and tumor development, yet its mechanisms of action are not well understood. In this study, we show that p68 is predominantly localized to the cell nucleus, where it partially colocalizes with the transcriptional coactivator p300. Accordingly, p68 and p300, or the paralogous CREBbinding protein (CBP), coimmunoprecipitate. Similarly, p68 and RNA polymerase II (Pol II) are able to interact in vivo. GST pull-down assays confirmed these interactions in vitro, demonstrating that p68 can interact with several domains of CBP, while CBP/p300 bind to amino acids 176-388 of p68 and RNA Pol II binds to the N-terminal 80 amino acids of p68. Furthermore, p68 stimulates transcription mediated by the C-terminal transactivation domain of CBP. p68 is also able to stimulate TPA oncogene responsive unit (TORU) promoter activity, and p300 acts in synergy with p68. On the other hand, suppression of CBP/p300 function by the adenoviral protein E1A abolishes TORU promoter activation by p68. Altogether, our results suggest the existence of a multiprotein complex in which p68 RNA helicase, CBP/p300 and RNA Pol II jointly promote gene expression.
RNA helicases are present in all organisms from bacteria to humans and constitute a large superfamily of conserved proteins. The biological functions of RNA helicases are very diverse and include gene transcription, RNA processing, mRNA translation, ribosome assembly, cell differentiation, cell development and cell division (Tanner and Linder, 2001) .
p68 is a member of the DEAD box family of RNA helicases (Ford et al., 1988; Hirling et al., 1989) , whose expression is developmentally and growth regulated and correlates with organ differentiation and maturation in the fetus (Stevenson et al., 1998) . In vitro, p68 has been shown to catalyze RNA secondary structure rearrangements in an ATP-dependent manner, which may be important for structural reorganization of ribonucleoprotein assemblies (Rossler et al., 2001) . p68 interacts with a protein kinase A anchoring protein, AKAP95 (Akileswaran et al., 2001) , and is a coactivator of the human estrogen receptor a in cooperation with an RNA coactivator (Endoh et al., 1999; Watanabe et al., 2001 ), pointing at a role for p68 in hormonally responsive transcription complexes. Furthermore, p68 has been recently implicated in tumor development, as p68 is overexpressed in colorectal tumors when compared to normal tissue samples (Causevic et al., 2001) . Similarly, other DEAD box RNA helicases appear to be involved in tumor development. For instance, Rck/p54 is overexpressed in neuroblastoma, glioblastoma, rhabdomyosarcoma and lung cancer cells as well as in colorectal tumors (Akao et al., 1995; Nakagawa et al., 1999) . Further, the DDX1 RNA helicase gene is often coamplified with N-myc in retinoblastomas and neuroblastomas and its co-amplification correlates with a poorer prognosis (Godbout and Squire, 1993; Squire et al., 1995; George et al., 1996) . CREB-binding protein (CBP) and p300 are paralogous coactivators of transcription. They are essential during embryogenesis and can modulate gene expression programs involved in cell growth, differentiation, homeostasis and viral pathogenesis (Goodman and Smolik, 2000; Janknecht, 2002) . Many lines of evidence, including the existence of somatic p300 mutations in colorectal, gastric, pancreatic and breast cancer often combined with loss of the second allele (Muraoka et al., 1996; Gayther et al., 2000) , strongly suggest that CBP/p300 perform tumor suppressing functions. Additionally, CBP/p300 colocalize with RNA polymerase II (Pol II) in transcriptionally active domains in the cell nucleus (von Mikecz et al., 2000) . Since p68 RNA helicase appears to be a component of nuclear transcriptional complexes, we decided to study how p68 may function in transcription by characterizing its interaction with the transcriptional coactivators CBP/p300 as well as Pol II.
A prerequisite for p68 to participate in the regulation of gene transcription would be its localization to the cell nucleus. Previous studies have implicated a nuclear localization of p68 (Iggo and Lane, 1989; Iggo et al., 1991; Nicol et al., 2000) ; however, those results were based on the use of a monoclonal antibody that was raised to SV40 large T antigen and crossreacts with p68. We therefore generated an antibody against 22 amino acids localized in the C-terminal region of human p68 RNA helicase, affinity-purified these antibodies and utilized them to study the intracellular localization of endogenous p68 in human cells. Interestingly, p68 was never consistently found in one location, varying from exclusively nuclear to predominantly cytoplasmic in three different cell lines studied (Figure 1a) . However, we never observed an exclusion of p68 from the nucleus. Thus, our results indicate that p68 is not solely nuclear, but can also partially reside in the cytoplasm. Interestingly, the DEAH box RNA helicase A colocalizes with the constitutive transport element of simian retrovirus. When constitutive transport element-containing RNA is overexpressed, it induces the distribution of RNA helicase A to both the nucleus and the cytoplasm, suggesting that RNA helicase A can shuttle in and out of the nucleus (Lee and Hurwitz, 1993; Tang et al., 1997) . If p68 also possesses such a shuttle capability, it would explain our finding that p68 RNA helicase is not restricted completely to the nucleus.
Next, we investigated which regions of p68 are required for nuclear localization. As such, different truncations of HA-tagged p68 were transfected into Mv1Lu cells to determine their intracellular localization by indirect immunofluorescence microscopy employing a-HA antibodies. In contrast to full-length p68 2-614 that showed a nearly exclusive nuclear staining in Mv1Lu cells, all truncations displayed both nuclear and cytoplasmic staining (Figure 1b ). These analyses were also performed in two other cell lines, 293T and RK13 cells, using Myc-tagged p68 with similar results (data not shown), indicating that the localization of p68 is not because of the tag or cell line used. We conclude that an intact, full-length p68 protein is required for maximal efficiency in nuclear localization.
To study whether p68 and p300 are in a complex in vivo, confocal laser scanning microscopy was performed on immunostained Ovcar3 cells that had been cotransfected with Myc-tagged p68 and HA-tagged p300. Indeed, approximately one-third of the cotransfected cells displayed significant colocalization of p68 and p300, examples of which are shown in Figure 1c . The fact that p68 and p300 partially localize to the same sites in cell nuclei suggests that they may potentially coactivate transcription.
Next, we studied whether p68 and p300/CBP could physically interact in vivo. To this end, 293T cells were transfected with Myc-tagged p68 and HA-tagged p300 or HA-tagged CBP. Then, a-Myc immunoprecipitations were performed and the coprecipitation of p300 or CBP revealed by a-HA Western blotting. As shown in Figure 2b and c, full-length p68 2À614 is able to interact with both p300 and CBP in vivo. Furthermore, a GSTp68 fusion protein was produced, bound to glutathione agarose and incubated with a cell extract containing To detect endogeneous p68, a peptide representing amino acids 555-576 of human p68 was coupled to keyhole limpet hemocyanin to raise rabbit polyclonal antibodies. Respective affinity-purified antibodies were utilized to stain formaldehyde-fixed cells (Rossow and Janknecht, 2001) . Staining patterns were subdivided into four groups based on 100 cells counted. (b) Mv1Lu cells were transfected with the indicated HA-tagged p68 proteins and subsequently analyzed by indirect immunofluorescence microscopy using monoclonal a-HA antibodies (12CA5). (c) Confocal laser scanning microscopy of cotransfected Myc-p68 (red) and HA-p300 (green) showing colocalization (yellow) of both in Ovcar3 cells. Cells were transiently transfected with 2 mg of Myc-tagged p68 expression vector along with 2 mg of HA-tagged p300 (Pearson et al., 1999) , fixed and stained with mouse monoclonal a-Myc antibodies (9E10) and rabbit polyclonal a-p300 antibodies (C-20, Santa Cruz), followed by staining with secondary antibodies coupled to Texas Red (a-Mouse) or FITC (aRabbit) Stimulation of gene expression by p68 RNA helicase KL Rossow and R Janknecht either HA-tagged p300 or CBP. Bound p300 or CBP was subsequently revealed by a-HA immunoblotting (Figure 2d ). Indeed, both p300 and CBP interacted with GST-p68, but not with the GST moiety, indicating that p68 and CBP/p300 can also bind to one another in vitro. An ATPase activity test indicated that the p68 protein is properly folded when purified out of bacteria as a GST fusion protein (Figure 2e ). Additionally, we tested truncations of Myc-tagged p68 (see Figure 2a for a sketch of p68) in order to map the region(s) of p68 where p300/CBP bind. As shown in Figure 2b and c, p68 176-388 and p68 176-614 were able to interact with CBP/p300 in vivo, whereas other truncations of p68 were not. Thus, the minimal region required for binding to p300/CBP is located within amino acids 176-388 of p68. These in vivo results contrast a previous report showing that in vitro translated CBP binds to both GST-p68 1-387 and GST-p68 388-614 (Endoh et al., 1999) . This discrepancy might be because amino acids 388-614 are masked by another interaction partner in vivo. Immunoprecipitations were carried out as previously described (Rossow and Janknecht, 2001) . Coprecipitated p300 was revealed after a-Myc immunoprecipitation by a-HA Western blotting (top panel). Bottom panels show input controls. (c) Analogous coprecipitations of CBP-HA. (d) GST pull-down assays using extracts from 293T cells transfected with p300-HA (left panel) or CBP-HA (right panel). GST or GST-p68 was bound to glutathione agarose beads and then incubated with cell extracts as described before (Janknecht and Nordheim, 1996) . The beads were washed, boiled and subjected to SDS-PAGE. Shown are a-HA Western blots. (e) Release of inorganic phosphate because of the hydrolysis of ATP was spectrophotometrically (absorbance at 630 nm) measured with malachite green/ammonium molybdate (Lanzetta et al., 1979) . Comparable amounts of GST-p68 2-614 or the negative controls GST and GST-p68 2-80 were employed. (f) For endogenous immunoprecipitations, Ovcar3 cell extract was immunoprecipitated with either 6 ml of a-p300 (C-20; Santa Cruz), a-Pol II (N-20; Santa Cruz), a-TERT antibodies (H-231; Santa Cruz) or a mock control (À). Endogenous p68 was detected by Western blotting using a 1 : 1000 dilution of a-p68 antibody Stimulation of gene expression by p68 RNA helicase KL Rossow and R Janknecht Furthermore, we studied interactions between endogenous proteins. To this end, Ovcar3 cell extracts were immunoprecipitated with a-p300, a-Pol II, a-TERT, or no antibodies. Endogenous p68 was then revealed by a-p68 was Western blotting (Figure 2f ). Clearly, p68 was bound to p300 as well as to Pol II, whereas no p68 was detectable in the mock or a-TERT control immunoprecipitate. Altogether, our results suggest that p68 can not only interact with the transcriptional coactivators p300 and CBP, but also with Pol II, strongly pointing at a potential role of p68 in the regulation of gene transcription.
CBP/p300 consist of more than 2400 amino acids that include many different interaction surfaces via which they bind to various nuclear proteins (see Figure 3a) . In order to map the region(s) in CBP that interacts with p68, we produced various fusions between GST and portions of CBP. These GST-CBP fusion proteins were bound to glutathione agarose and incubated with a cell extract containing HA-tagged p68. Binding of p68 to the GST-CBP fusion proteins was revealed by a-HA immunoblotting. As shown in Figure 3b , three regions of CBP were capable of interacting with p68 in vitro, namely CBP 1-451 , CBP 451-721 and CBP 1891-2175 . It is not uncommon for transcription factors to bind to CBP via more than one region, as shown for TBP, p53, YY1, Elk-1, MyoD or E1A (Goodman and Smolik, 2000; Janknecht, 2002) .
In Figure 2f , we showed that Pol II and p68 interact in vivo. To further characterize this interaction, we performed GST pull-down assays with GST-p68 fusion proteins and a nuclear extract derived from 293T cells. Only the N-terminal 80 amino acids of p68 interacted with Pol II (Figure 3c ). Of note, these amino acids are not involved in the interaction with CBP/p300, thereby suggesting that p68 can simultaneously bind to CBP/ p300 and Pol II.
To analyze whether p68 has an impact on CBPmediated transcription, we employed Gal4-CBP fusion proteins and assayed their activity with a Gal4 DNA binding site-driven luciferase reporter. As reported before (Janknecht and Nordheim, 1996) , CBP amino acids 1-451, 451-721 and 1891-2441 strongly enhanced gene transcription (Figure 4a) . Importantly, the Cterminal activation domain of CBP was stimulated by p68, but none of the other CBP domains were. Furthermore, we generated a p68 mutant in which amino acid 144 has been mutated from lysine to asparagine, thereby inactivating the ATPase activity of p68 (Pause and Sonenberg, 1992) . In contrast to wildtype p68, this mutant p68 was incapable of stimulating Gal4-CBP 1891 -2441 (Figure 4a ), indicating that the ATPase activity of p68 is required for the specific transcriptional activation of CBP.
We then tested whether p68 had an impact on the TPA oncogene responsive unit (TORU) luciferase reporter, which is regulated by ETS and AP1 transcription factors (Monte et al., 1995) that are themselves activated by CBP/p300 (Goodman and Smolik, 2000; Janknecht, 2002) . Indeed, p68 was able to activate the TORU promoter by approximately 10-fold (Figure 4b) . Again, the mutated p68 molecule devoid of its ATPase activity was without effect, as was overexpression of p300 alone. However, when both wild-type p68 and p300 were cotransfected, they strongly synergized to enhance luciferase activity.
We wondered whether activation of the TORU construct by p68 alone was dependent on endogenous CBP/p300. If so, sequestration of CBP/p300 should abrogate the activating effect of p68. One way of sequestering CBP/p300 is by overexpression of the adenoviral protein E1A (Goodman and Smolik, 2000; Janknecht, 2002) . Indeed, when E1A was coexpressed, p68 lost its ability to stimulate the TORU promoter (Figure 4c) . Furthermore, when an E1A mutant incapable of binding to p300/CBP was used (Liu et al., 2000) , p68-dependent promoter activation was basically unaffected (see DE1A, Figure 4c ). These data suggest that p68 requires either endogenous or exogenous CBP/p300 in order to stimulate the TORU promoter.
RNA helicases participate in virtually all biological processes involving RNAs, including RNA editing, splicing, nuclear export, translation, turnover and ribosome biogenesis (Tanner and Linder, 2001 ). In addition, RNA helicases may also be involved in gene transcription, for instance, by stabilizing nascent transcripts or releasing completed transcripts from the template (Eisen and Lucchesi, 1998) . Our results indicate that p68 RNA, similar to RNA helicase A (Nakajima et al., 1997) , is a member of a multiprotein complex containing Pol II and CBP/p300, outlining a GST pull-down assays using different GST-CBP proteins to map interaction domains for p68. A protein extract of 293T cells transiently transfected with HA-tagged p68 was incubated with the loaded glutathione beads. Bound HAtagged p68 was revealed by a-HA Western blotting. (c) GST pulldown assays using the same procedure as above with various p68 fusion proteins and a 293T nuclear extract. Input represents 10% of extract used. Two different a-Pol II antibodies were used for detection, one directed against the N-terminus (N-20; Santa Cruz) and the other directed against the C-terminus (C-18; Santa Cruz) of Pol II Stimulation of gene expression by p68 RNA helicase KL Rossow and R Janknecht mechanism of how p68 RNA helicase can impact on the transcription of the plethora of genes that are regulated by CBP/p300. Accordingly, our results support the hitherto little-recognized notion that RNA helicases, in general, are important transcriptional regulators. As a corollary, dysregulation of transcription upon RNA helicase overexpression may contribute to the formation of various tumors, including colorectal ones where p68 RNA helicase has been found to be overexpressed (Causevic et al., 2001) .
